The incidence of melanoma is steadily increasing with a present lifetime risk of 1 in 50 among the Caucasian population [1] . Melanomas have a strong propensity to metastasize, in particular into the brain, after which they are highly resistant to therapy [2, 3] 
located in caveolae and physically associated with caveolin-1 [10] , it is no longer concerned with ion homeostasis but is involved in a src-EGFR-controlled signalling complex directly impacting cell proliferation and migration [9, 11] . The natural ligands of the sodium pump are the cardiotonic steroids, which are divided into two chemical groups: cardenolides and bufadienolides [9] . Digitalis compounds (e.g. digoxin, which has been used extensively to treat patients with heart failure) belong to the cardenolide group. The sodium pump ␣ sub-unit acts as a highly selective and sensitive receptor for cardiotonic steroids, whereas the ␤ sub-unit acts as a chaperone for the ␣ sub-unit [9] . There are four ␣ and five ␤ sub-units that have been identified to date. Many cancer types over-express the different ␣ sub-units, including melanoma [12] ; ␣1 sub-units are over-expressed in non-small-cell lung cancer [NSCLC; 13] , renal clear cell carcinoma [14] and glioma [10] , whereas colon cancer over-express ␣3 [15] . Inhibiting selectively the expression of the ␣1 sub-unit in NSCLC [13] and glioma [10] cells markedly impairs both cell proliferation and migration through major disorganization of the actin cytoskeleton, a process that results in lysosomal membrane permeabilization [16] and/or autophagy [10] -related cell death. Metastatic melanomas [17, 18] like glioblastomas [19, 11] are naturally resistant to apoptosis but less to autophagy-related cell death [3, 8, 19] .
Over-expression of the cMyc oncogene is also a common feature in melanomas [20] [21] [22] [23] [24] . cMyc over-expression in melanomas is associated with a dismal prognosis [21, 22, 25] , as well as with resistance to chemotherapy [23, 24] and radiotherapy [20] . Impairing cMyc expression in melanoma cells forces them to undergo apoptosis [5, 26] . Targeting the sodium pump ␣1 subunit markedly impairs cMyc expression, at least in human prostate cancer cells [9] . Taken together, these data prompted us to investigate the levels of expression of the sodium pump ␣1 sub-unit in a human clinical series of naevi and melanomas and in experimental human melanoma models. We then analyzed the consequences of inhibiting sodium pump ␣1 sub-unit activity (using anti-␣1 siRNA and cardiotonic steroids) in relation to cMyc expression levels and the impact on cell proliferation and death in various experimental melanoma models. The potential use of cardenolides for melanoma treatment was also investigated in human brain metastatic melanoma xenografts.
Materials and methods

Cell cultures and compounds
Established cell lines
The human HT-144 (ATCC code HTB-63), G-361 (ATCC code CRL-1424), C-32 (ATCC code CRL-1585) and SKMEL-28 (ATCC code HTB-72) melanoma cell lines and the mouse B16F10 (ATCC code CRL-6475) melanoma cell line were obtained from the American Type Culture
Collection (ATCC; Manassas, VA) and maintained in our laboratory as detailed previously [7, 27] .
Primary cell cultures
Primary melanoma cell cultures 7, 10, 21, 23, 24, 28, 30, 47 and 48) were established at the Institute of Cancer Research, Medical University of Vienna, as previously described [28] . Briefly [29] . [10] .
Clinical samples
In vivo xenografts
In vivo xenografts of human melanoma VM-48 cells in nude mice were obtained as described previously in the case of glioma models [30, 31] . All mice (6-week- 
Determination of sodium pump ␣1 sub-unit immunohistochemical expression
Immunohistochemical analysis of the 139 clinical samples (Table 1) was performed as detailed previously [13] . 
Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR)
qRT-PCR analyses were performed as detailed previously [10] to determine the levels of mRNA expression of the sodium pump ␣1, ␣2 and ␣3 sub-units in 6 human melanoma metastases and in 14 human melanoma cell lines.
Transient transfection with sodium pump anti-␣1 siRNAs
A sodium pump anti-␣1 siRNA with sense 5Ј-GGGCAGUGUUU -CAGGCUAA-3Ј and anti-sense 5Ј-UUAGCCUGAAACACUGCCC-3Ј was used that had already revealed itself to be highly efficient in reducing ␣1 expression in NSCLC [13] and glioma [10] 
Protein expression measurements
Western blot and immunofluorescence analyses were performed as detailed previously [7, 16, 27, 32] [7] .
In vitro overall growth determination
Overall cell growth was assessed using the 3- [4,5- [10, 29] . All determinations were carried out in sextuplicate.
Computer-assisted phase-contrast microscopy (quantitative videomicroscopy)
Quantitative videomicroscopy was performed as detailed previously [10, 13] . 
Briefly, 25 cm 2 flasks were placed under phase-contrast microscopes located in temperature-controlled incubators for 72 hrs. During this time period, pictures of the same fields were taken every 4 min., thanks to computer assistance. Based on these pictures, we calculated for each cell line and each experimental treatment the global growth rate (GGR), which corresponded to the ratio of the mean number of cells present in the last image captured in the experiment (at 72 hrs) to the number of cells present in the first image (at 0 hr). Furthermore, the 1080 pictures obtained during the 72 hrs of observation were accelerated to give a short film (1 min.) allowing us to observe and monitor the morphological changes and cell migration trajectories induced by the various treatments. Each condition was evaluated in triplicate.
Statistical analyses
Results
Characterization of sodium pump ␣1 sub-unit expression in clinical samples and experimental models of melanoma Fig. 2Ad ), a feature not observed with digoxin (Fig. 2Ab) . This impairment in VM-21 cell proliferation and migration was morphologically reproduced using the anti-␣1 siRNA (see the white arrows in Fig. 2Bc) [13] , glioma [10] and prostate cancer [32] Table 2 ( (Fig. 3) 
Inhibiting sodium pump ␣1 sub-unit expression in melanoma cells confers in vitro marked inhibition of growth
Fig. 1 Expression of ␣1 sub-units in human melanoma and naevi samples. (A-C) Analysis of the mRNA expression of sodium pump ␣ sub-units by quantitative RT-PCR in 6 human melanoma metastases samples (A), 10 human melanoma primary cell cultures (B) and 4 ATCC human melanoma cell lines (C). The histopathological origin of each cell line is given in
cells, and is associated with marked decreases in cMyc expression [32]. In these experiments in which the compounds were incubated at 100 nM, UNBS1450 proved to inhibit cell growth in human cell lines VM-21, VM-24, C32 and SKMEL-28 but not in mouse B16F10 consistent with IC50 data reported in
5-76 nM versus 4499 nM, respectively). After 15 hrs of incubation of VM-21 cells with 100 nM UNBS1450, most of these melanoma cells were of a rounded appearance, and Western blot analysis revealed cMyc expression to have been almost completely abolished; a feature not observed with the remaining three cardiotonic steroids. Similarly, UNBS1450 was more effective in decreasing cMyc expression in this cell line than the other cardenolides when used at 10 nM (Fig. 3). With respect to VM-24 and C32 cells, the majority achieved the rounded appearance at 33 hrs, whereas at 15 hrs only a minority of these cells had undergone this change. Accordingly, the effects of 100 nM UNBS1450 on cMyc expression at 15 hrs in VM-24 and C32 cells were less marked than those observed in VM-21 cells. However, UNBS1450 decreased cMyc expression in VM-21, VM-24 and C32 melanoma cells in a more pronounced manner than the remaining three cardenolides
transfected VM-21 cells (Bd) compared with scrambled siRNA-transfected cells (Bb). (C) Global growth rates (GGR) over 72 hrs for each of the 14 melanoma cell lines evaluated were calculated on the basis of the videomicroscopic images generated under control or compound-treated conditions (see Materials and Methods). The data reported illustrate the relationship between the ratio of the compound-treated GGR values to the control GCR values on the x axis and the control GGR values (y axis). Each cell line is represented by two joined circles: the white ones relate to the digoxin (100 nM) ratio, whereas the black ones relate to the UNBS1450 (100 nM) ratio. A significant correlation fit was obtained for the UNBS1450 response. (D) Attempted correlation between the ratios of the GGR values (same x axis as in C) and the number of sodium pump ␣1 sub-unit mRNA copies present in each of the 14 melanoma cell lines. No correlation is evident.
The data in Fig. 4A further confirm a rapid (Fig. 4B) . (Fig. 5Ca) . Although a few populations of SKMEL-28 cells displayed apoptotic features in flow cytometry (Fig. 5Bb) , even after 40 hrs of treatment with 100 nM UNBS1450 (Fig. 5Bb) , PARP cleavage analysis did not indicate any apoptosis (Fig. 5Cb) . Thus, the more resistant SKMEL-28 cells do not seem to undergo apoptotic programmed cell death following 100 nM UNBS1450 treatment. The marked decrease in cMyc expression in VM-21 cells induced by the sodium pump sub-unit targeting approach (Fig. 4) could therefore provoke a cMyc-dependent cellular crisis leading in turn to apoptosis [26] , whereas UNBS1450 seems to kill SKMEL-28 cells via other cell death pathways. Fig. 6A Figure 6C illustrates the survival of animals over time and reveals that in contrast to UNBS1450 (P Ͻ 0.01), neither dacarbazine nor temozolomide could bring any significant therapeutic benefit (P Ͼ 0.05).
Characterization of UNBS1450-induced effects on apoptosis
UNBS1450 improves the survival of immuno-deficient mice bearing human melanoma brain metastases
Given the high expression of sodium pump ␣1 sub-units in melanoma brain metastases, we investigated whether cardenolides could bring any therapeutic benefits to a new human melanoma brain metastases model. VM-48 cells, originating from human brain melanoma metastases, grafted directly into the brain of immuno-deficient nude mice produced typically invasive brain metastases as indicated in
Discussion
Ion channels and transporters play crucial roles in mediating a variety of physiological and pathological processes of cell biology [34] . For example, cell shape and volume changes are of crucial importance in aiding glioma cell migration because extracellular spaces in the brain are very narrow and represent a major obstacle that forces glioma cells to dynamically regulate their volume [35] . Pharmacological inhibition of Cl Ϫ channels in glioma cells impairs their ability to migrate and limits tumour progression in experimental tumour models [35] . One Cl Ϫ -channel inhibitor, chlorotoxin, has already reached Phase II clinical trials with the goal to treat malignant glioma [34] . K ϩ channel-dependent migration of B16 mouse [34] and human [36] melanoma cells has also been demonstrated. We have recently demonstrated that the sodium pump ␣1 sub-unit plays a crucial role in NSCLC [13, 16] , glioma [10] and prostate cancer [32] cell biology, all without impacting Na ϩ and K ϩ exchange [10] . In fact, inhibiting the activity of the sodium pump ␣1 sub-unit sharply decreases intracellular ATP concentrations [10, 32] , a process known to markedly disorganize the actin cytoskeleton [37] , which in turn impairs both proliferation (at the level of cytokinesis) and migration. Inhibiting the activity of ␣1 sub-units is also known to result in dramatic cancer cell shrinkage [10, 13, 32] , a phenomenon observed in the current study in a significant number of melanoma models (Fig.  3) (Fig. 2) ; (ii) only the ␣1 sub-unit is expressed in all human melanoma models studied ( Fig. 1) and (iii) rodent tumour cells in which the sodium pump ␣1 sub-unit is twice mutated [32] leads to a 1000-fold decrease in sensitivity towards cardiotonic steroid-mediated anti-cancer effects when compared with human cancer cells [10, 13] . The latter was also observed in the current study with respect to the B16F10 mouse melanoma cells (Fig. 3 and Table 2 ). [8] , produced statistically significant activity in this model.
As already emphasized in the introduction, cMyc is an important player in melanoma biology aggressiveness [5, 21, 22, 23, 25, 26] . The data from the present study strongly suggest that UNBS1450 exerts part of its anti-cancer effects in melanoma cells through decreases in cMyc expression (Fig. 3) . We recently showed in human prostate cancer cells that UNBS1450 mediates anti-tumour effects in part through the compound's capacity to disorganize nucleolar structure and to impair CDK and cMyc expression and related signalling pathways [32] . Inhibition of cMyc expression in melanoma cells induces cellular crisis through co-operation between telomerase dysfunction and oxidative stress [26] . Cellular crisis is defined as an increase in cell size, multiple nuclei, vacuolated cytoplasm, induction of senescence-associated ␤-galactosidase activity and massive apoptosis [26] . The data from the present and previous studies [13, 32] indicate that the UNBS1450-mediated decreases in cMyc expression only partly reconcile the above-described data. Indeed, UNBS1450 induces marked vacuolization processes in cancer cells, causes decreases in cell size [10, 13, 16] and induces oxidative stress [32] [16] or autophagy-related cell death as demonstrated in glioma cells [10] .
The sodium pump is directly involved in cell migration [38] . cMyc is also implicated in cancer cell migration through Wnt/ ␤-catenin signalling [39, 40] ; a process that also involves the transcription factor Snail [40] . Snail binds to a non-canonical E-box in the sodium pump ␤1 sub-unit (which is biologically functional when associated with ␣ sub-units) promoter and suppresses its promoter activity, a process that is associated with epithelial to mesenchymal transition [41] . Interactions between the sodium pump and the transcription factor Snail modify the expression of E-cadherin [41] , which plays a major role in the epithelial-mesenchymal transition [42] observed during melanoma development [43] . Accordingly, modifications to E-cadherin expression are associated with melanoma biological aggressiveness [4, 43, 44] .
Regulation of the cMyc oncogene remains unclear [45] . It has been recently emphasized that various microRNAs (miRNAs) modulate cMyc expression [45] [46] [47] , whereas other miRNAs seem to be implicated in melanoma cell biology [48, 49] . Using [29] . UNBS1450 displays a unique structure (a novel sugar double linked to the steroid skeleton) and a 'flat' conformation (trans-trans-cis) that confers a much higher binding affinity to sodium pump ␣ sub-units, including the ␣1 sub-unit than other cardiotonic steroids (including ouabain and digoxin) [10, 13] . Exploratory toxicology in rats and dogs has also revealed that UNBS1450 is not more toxic (cardiotoxic) than digoxin (data not shown) and displays anti-cancer activity that is generally 10-100 times more pronounced than digitoxin [16] and digoxin [13] . These digitalis-related compounds (digitoxin and digoxin) remain important in the treatment of congestive heart failure, and although epidemiological studies had suggested their possible use in oncology, a narrow therapeutic index has prevented their development as anti-cancer agents [9] . UNBS1450, which has entered Phase I clinical trials in cancer patients, seems to be associated with a higher therapeutic index [9, 29, 32] and could be potentially of most benefit to those patients whose melanomas over-express sodium pump ␣1 subunits, in particular those individuals with melanoma brain metastases as suggested by the in vivo data reported here. 
Fig. 6 In vivo effects of UNBS1450 treatment in a human melanoma brain metastatic model. (A) Typical histology of melanoma brain metastases developed when grafting VM-48 cells into the brain of nude mice (HE; GX50). T: tumour and NB: normal brain tissue. Higher magnification (G ϫ 100) is provided in (B). Black arrows point to infiltrative tumour cells in the normal brain parenchyma. (C) Kaplan
